We review the theory of slow and fast light effects due to coherent population oscillations in semiconductor waveguides, and potential applications of these effects in microwave photonic systems as RF phase shifters. In order to satisfy the application requirement of 360º RF phase shift at different microwave or millimeter-wave frequency bands, we present several schemes to increase the achievable RF phase shift by enhancing light slow-down or speed-up. These schemes include integrating gain and absorption sections, optical filtering and the exploitation of the initial chirp effects. As a real application in microwave photonics, a widely tunable microwave photonic notch filter with 100% fractional tuning range is also proposed and demonstrated.
INTRODUCTION
The impressive demonstration of slowing the group velocity of light down to 17 meters per second in an ultracold atomic gas 1 has stimulated a lot of research on the intriguing physics and potential applications. Various mechanisms have been utilized to realize slow or fast light, including electromagnetically induced transparence (EIT) 1 , coherent population oscillations (CPO) 2 , waveguide dispersion 3 , etc. Recently lots of work [4] [5] [6] [7] [8] [9] [10] [11] has focused on the CPO effects in semiconductor materials, especially semiconductor optical amplifiers (SOAs) and electro-absorbers (EAs), due to their advantages, such as operation at room temperature and telecommunication wavelengths, compact size, and ease of integration. All of these are highly desired from the application point of view. For a sinusoidally modulated optical signal at a microwave or millimeter-wave frequency, controlling the speed of light provides a tunable microwave phase shift, which is extremely attractive for microwave photonic systems 12 , for example in optically steered microwave phased array antenna 13 and tunable microwave photonic filter 14 . In order to apply slow and fast light in semiconductor devices into these kinds of systems, up to 360º tunable RF phase shifts at X (8-12 GHz) and K (12-40 GHz) bands are required. So far, based on the CPO effects in semiconductor waveguides, ~140º phase shift at 4 GHz in two SOA and EA pairs 15 , ~200º phase shift at 1 GHz in a 2.5 mm quantum well SOA 9 , ~150º phase shift at 19 GHz in an optical filtering assisted SOA 10 , and ~120º phase delay as well ~170º phase advance at 19 GHz 16 have already been demonstrated.
In this paper, we introduce the basic principle of CPO effects induced light-speed control in EAs and SOAs based on a four-wave mixing description in section 2. Following that, section 3 will present three schemes to enhance the achievable RF phase shift and available bandwidth. The physical processes at play are discussed. In section 4, based on slow and fast light effects in an SOA, a widely tunable microwave photonic notch filter is demonstrated. Finally, section 5 summarizes our results.
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PRINCIPLES OF CPO IN SEMICONDUCTOR WAVEGUIDES
Slow and fast light by the effects of CPO was already demonstrated in an alexandrite crystal 2 . Similarly in a semiconductor waveguide, if a weak probe with an optical frequency slightly detuned from that of the strong control, as shown in Fig. 1(a) , the carrier population of the conduction and valence bands will oscillate at the beating frequency determined by the frequency detuning ∆ω. This carrier oscillation will change the absorption or gain seen by the probe. Thus, a coherent spectral hole will appear in the imaginary part of the susceptibility, as shown in Fig. 1(b) . In semiconductor waveguides, the coherent spectral hole is characterized by the carrier lifetime τ s . Based on the KramersKroing relation, this dip leads to a change of the refractive index dispersion shown in Fig. 1(c) , which finally accounts for the slow and fast light effects via the change in the frequency slope of the refractive index 11 . Typically the strong control and weak probe are provided by a weak sinusoidal intensity modulation, as shown in Fig.2 . A CW laser is modulated by a RF signal with a frequency Ω. In the frequency-domain, the modulated optical signal is comprised of the strong carrier, ω 0 , and two weak sidebands, red-shifted sideband ω 0 -Ω and blue-shifted sideband ω 0 +Ω. Due to the modulation of the intensity, the gain and refractive index are modulated in time and these temporal gratings will scatter the strong carrier ω 0 . The components scattered to the two sidebands, as the probes, will modify the susceptibilities seen by the probes. Therefore, after the propagation in the semiconductor waveguide, a time delay or advance of ∆t appears in the time domain. After the photo detection, this time delay or advance also corresponds to a RF phase shift of ∆tΩ at the microwave frequency Ω. The light slow-down or speed-up due to CPO effects in semiconductor waveguides can be theoretically analyzed by a four-wave-mixing description 6, 17 . In general, wave mixing has contributions from carrier pulsation, carrier heating, spectral hole burning, and two-photon absorption 18 . But at the RF frequency of interest in microwave photonic systems, the dominant mechanism is the carrier pulsation. The published wave mixing model 18 for SOAs can also be applied for an EA if one assumes that the dominant effect leading to optically induced change of the absorption is bandfilling, or that any field-screening can effectively be described in this way, and that the corresponding recovery of the carrier density can be described by an effective carrier lifetime.
Based on the model in [18] , for an amplitude modulated signal with double sidebands, as shown in Fig. 2 , the modulation refractive index can be derived as follows 6 ,
Here n gb is the background group refractive index, P is the optical power, P sat is the saturation power, g 0 is the small signal gain (for an EA, g 0 is negative), Γ is the confinement factor, and c is the light velocity in vacuum.
The corresponding microwave phase shift of the intensity modulated envelope, which is the quantity of interest in microwave photonics, can be expressed,
Here, L is the length of the waveguide. If the internal loss is neglected, then Eq. (2) can be re-written,
From Eq. (3) and (4), the microwave phase shift induced by slow and fast light due to CPO effects can be easily solved numerically, given the input optical power and small signal material gain or absorption. The RF phase shift ∆φ RF can be controlled either optically by the input optical power, or electrically by the injection electrical current for an SOA or voltage for an EA, as an example shown in Fig.3 . For an SOA, g 0 >0, ∆φ is negative, which means fast light. On the other hand, slow light dominates in an absorbing waveguide. Based on Eq. (3), we see that for a double sideband input optical signal, the final RF phase shift is independent on the linewidth enhancement factor α, which means that the refractive index dynamics does not influence the group velocity. This can be understood since the optical phase changes of the two different sidebands, induced by refractive index dynamics, cancel out upon detection of both. Therefore the RF phase shift described by Eq. (3) is only governed by the gain/absorption dynamics, which means the induced change of the modulation index scales with the absolute value of the carrier lifetime, and the RF phase shift or the available RF bandwidth is limited by the carrier lifetime. Because EAs have a much shorter carrier lifetime than SOAs, the maximum phase shift may be achieved at higher frequencies in an EA compared to an SOA.
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ENHANCEMENT OF SLOW AND FAST LIGHT
In this section, we will review three recently proposed schemes to increase the achievable RF phase shift and the bandwidth in semiconductor waveguides employing CPO effects.
Cascading SOAs and EAs
To apply slow and fast light in a microwave photonic system operating at the X or K band, the EA is a promising candidate due to its much shorter carrier lifetime. However the loss is a main limitation for applications. In order to solve this problem, a solution is to combine an EA with an SOA to compensate for the loss, and even concatenate several EA-SOA pairs in order to increase the absolute value of the RF phase shift 8 . However, in section 2 we have already shown that an SOA introduces an advancement of the RF phase, corresponding to the fast light effect, which thus might counteract the slow light effect of an EA. Therefore, the achievement of a net, sizable, RF phase shift relies on a careful choice of the operation conditions of all involved SOAs and EAs. Fig. 4(a) shows the structure of the proposed device used to enhance the slow and fast light effects. The length of the SOA and EA sections are 545 and 120 μm, respectively. The active material is the same for all sections and consists of five 7.0 nm thick, compressively strained, InGaAsP quantum wells, in a strain compensated structure.
By measuring the phase shift compared to a reference taken at a forward bias to all sections, i.e. the device is operated as one long amplifier, the fast light effect can be employed to achieve a RF phase delay relative to the reference by reducing the optical power, which can be done by decreasing the input optical power or by applying reverse bias to the EA sections. By applying reverse bias on the EAs the slow light effect in this absorption regime is activated to further increase the RF phase delay by a push-pull operation where applying reverse bias on the EAs both increases the slow light effects and lowers the input optical power into the following SOAs, thereby reducing the fast light effect.
The measured results are presented in Fig. 4(b) . The color contour plot shows that an improved RF phase shift of ~140º is achieved by electrically changing the reverse bias and optically changing the input optical power. For a fixed reverse bias, there is an optimum optical intensity, which is due to the saturation caused by the input signal. On the other hand, for a fixed input optical power, an optimum reverse bias is observed, which reflects that the sweep-out time of carriers from the active region decreases as the voltage is increased. Fig. 4 (b) also shows the possibility of independent control of the RF phase shift and power by varying two parameters, the input optical power and the EA reverse bias. Such functionality is very promising for the application in phased array and adaptive antenna. 
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Optical filtering
Due to the cancellation of the phase changes between two sidebands, the refractive index dynamics does not contribute to the final RF phase shift. It has been suggested that utilizing single sideband input can enhance the group velocity change that can be achieved in SOAs 5, 19 . We have experimentally investigated this possibility by blocking one of the sidebands before the SOA, see Instead, we recently proposed another method for exploiting the refractive index dynamics to enhance the RF phase shift 10 . In this case, a double-sideband signal is launched at the input, and after propagation in the SOA one of the sidebands is blocked by the FBG filter. The experimental set-up is shown in Fig. 6 . The network analyzer modulates the laser beam, with the wavelength of 1539.46nm, to generate two sidebands (red-shifted and blue-shifted) in addition to the strong carrier, as shown in the inset of Fig. 6 . The MZM provides a nearly chirp-free modulation with a small residual chirp of α res =-0.2. The modulated beam is coupled into a bulk SOA, where CPO and FWM effects will induce changes of the phase and the amplitude of the two sidebands. After the SOA, one of the two sidebands, red-shifted or blue-shifted, is blocked by the FBG notch filter before detection. When the modulation frequency is larger than 5GHz, either of two sidebands can easily be removed by the FBG filter without influencing the other sideband or the carrier. The experimental controls are the input optical power to the SOA and the RF modulation frequency. By incorporating an optical fiber amplifier (EDFA) and a variable optical attenuator, the input optical power can be adjusted from -10.3dBm to 13.6dBm. For three different optical filtering schemes, i.e., no optical filtering, blocking the red-shifted sideband and blocking the blue-shifted sideband, we measured the phase and power change of the microwave modulation relative to its value at the minimum input optical power of -10.3dBm, as shown in Fig. 7 . The modulation frequency is 19GHz. The results demonstrate that blocking the red-shifted sideband, shown by the blue curves in Fig. 7(a) , lead to positive phase changes and enhance the absolute RF phase shift from ~15º up to ~150º, which corresponds to a ten-fold increase of the maximum phase shift obtained in the absence of filtering. When only the blue-shifted sideband and carrier are detected, the RF power in Fig.7 (b) shows a dip which is correlated with the sharp increase of the phase of the microwave signal. On the other hand, blocking the blue-shifted sideband only induces a small change in the RF phase shift and power, as the red curves show. The solid lines in Fig. 7 are numerical simulations based on an SOA model including carrier density depletion and FWM among the electrical field components 6, 17 and demonstrate very good agreement with the experimental results. 8 presents experimental results for the RF phase shift and power change as a function of the modulation frequency for input optical power levels of -3.4dBm and 13.6dBm relative to a reference at a power level of -10.3dBm. It shows that with the red-shifted sideband blocked before detection, more than 120º phase delay can be obtained over a wide bandwidth of at least 15GHz, which is limited by the capacity of our network analyzer. Later in section 4, we will show that this large RF phase shift enhancement by optical filtering is still available even at a modulation frequency of 30 GHz. All these results can be understood by considering the effective gain and phase changes induced on the two sidebands via wave mixing effects 20 . The input optical signal is composed of the two sidebands, E -1 and E +1 , and carrier, E 0 , which act as probe and pump beams, respectively. For a small signal modulation, |E 0 | Here we have introduced:
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where P +1 , P -1 , or P, respectively, correspond to the modulated part of the detected signal when blocking the red-shifted sideband E -1 , blocking the blue-shifted sideband E +1 , or without optical filtering. P 0 is the DC power. [ ] When the input optical power is increased, it is easy to infer, from Eq. (6) , that the RF phase shifts are determined by the arguments of Eq. (6a), (6b) and (6c). For the conventional case, Eq. (6a) gives an RF phase advance of δφ=arg{1+g sata+γ 1 +iβ 1 }, which does not depend on the α factor. This indicates that the refractive index dynamics is cancelled out due to the double-sideband detection. When blocking the red-shifted sideband before the detection, Eq. (6b) shows a phase delay of δφ + =arg{1+ g sat -a +γ 1 +αβ 1 +i(β 1 -αγ 1 ) }, which includes two extra terms related to the α factor and clearly demonstrates an additional large phase delay introduced by a positive term -αγ 1 in the imaginary part and a negative term αβ 1 in the real part. When the blue-shifted sideband is blocked, a phase advance appears as δφ -=arg{1+ g sat -a +γ 1 -αβ 1 +i(β 1 +αγ 1 )}.
Initial chirp effect
For a chirp free intensity modulated signal with double sidebands, the light slow-down effect can be greatly enhanced by optical filtering to block the red-shifted sideband before the detection. Actually this enhancement strongly depends on the initial chirp of the input signal 16 characterized by the optical phase difference between the carrier and the sidebands 21 . This initial chirp dependence can be utilized to extend the enhanced RF phase shift by optical filtering.
To achieve a tunable initial chirp, a Dual-Arm Mach-Zehnder Modulator (DA-MZM), where only one arm is biased and modulated at 19GHz, is employed to modulate a CW laser beam, at a wavelength of 1539.5nm, as shown in Fig. 9(a) . The initial chirp of the modulated signal imposed by the DA-MZM can be changed through the DC bias voltage 22 . Therefore the initial optical phase difference between the two sidebands and the carrier, Δθ=θ +1 -θ 0 =θ -1 -θ 0 , can also be altered, as shown by the blue lines in Fig. 9(b) . To avoid the double frequency modulation, the DA-MZM should not be biased at the gray areas, shown in Fig. 9(b) . In Fig. 10 the RF phase shifts and power changes of the detected microwave modulation, obtained by increasing the input optical power, are shown for several different Δθ (bias voltages of the DA-MZM). During the measurement, the SOA is operated at 160mA. From Fig.10 (a) , a positive phase shift (slow light) can be obtained when the DA-MZM is biased at the negative slope. The maximum phase shift will increase as the bias voltage increases. At the same time, the detected RF power, shown in Fig.10 (c) , shows a stronger dip, which is always correlated with the sharper increase of the phase of the measured microwave signal. On the other hand, if the DA-MZM is biased at a voltage higher than the halfwave voltage V π (V π =3.9V) a negative phase shift, corresponding to a fast light effect, is achieved. The maximum obtained phase advance will decrease as the bias voltage increases. The corresponding RF power, in Fig.10 (d) , shows a similar behavior to that seen when the bias is lower than V π . The solid lines in Fig. 10 are theoretical simulation results based on the same model in section 3.2, which show good qualitative agreement with the experimental data. 
TUNABLE MICROWAVE PHOTONIC FILTER
Slow and fast light in semiconductor waveguides provide a promising way to implement a microwave phase shifter or time delay device for applications in microwave photonics 24, 25 . One important application of interest is the microwave photonic notch filter, which has the potential for applications in broadband wireless access networks and radar systems. To satisfy the expected bandwidth demand in the coming years, several millimeter-wave frequency bands, such as ~28 GHz and ~40 GHz, which can provide transfer rates higher than 2 MHz, have already been allocated for these kinds of systems. Hence it is highly desired to realize a microwave notch filter, which can be operated in the K band, as well as providing tunability to cover the whole free spectral range (FSR) without changing the FSR and the shape of the spectral response. This function can be realized by a microwave phase shifter capable of providing a tunable phase-shift over the 360º range 26 . Recently, utilizing slow and fast light effects assisted by optical filtering and initial chirp effect, as reported in section 3.3, we experimentally implemented a microwave photonic notch filter at around 30 GHz with close to 100% fractional tuning range 27 .
The schematic of the proposed microwave photonic notch filter is illustrated in Fig. 11 . The filter itself is a simple MachZehnder interferometer composed of two arms, one of which incorporates the microwave phase shifter, shown in the dotted-line box, which consists of an SOA followed by a FBG notch filter to block the red-shifted sideband. The EDFA is used to ensure that the SOA operates in the saturation regime. After the microwave phase shifter, a tunable attenuator provides amplitude balance between the two arms and does not influence the RF phase. The laser wavelength is 1552.7nm. The modulation frequency is sweeping between 29.75 and 30.25 GHz. The SOA current is tunable between 90 and 230 mA, and is used to control the RF phase change. As discussed in section 3.3, by operating the MZM at the different slopes, V 1 =4.5 V and V 2 =8.1 V, ~150º phase delay, as shown in the left part of Fig. 12 , and ~170º phase advance, right part of Fig. 12 , are obtained by changing the injection current of the SOA. Through switching between the two operating stages, V 1 =4.5 V and V 2 =8.1 V, of the MZM, a total ~330º phase shift at 30 GHz is obtained. Importantly the switching between the two different operating points does not alter the spectral shape of the filter. The measured spectral responses of the proposed microwave photonic notch filter are shown in Fig. 13 . The FSR is 9.4 MHz, corresponding to 22 m optical fiber length difference between the two arms, which is introduced by the EDFA. The result shows a ~100% fractional tuning over the whole FSR by changing the injection current of the SOA and switching the operation points of the MZM. Within the entire tuning range, the notch rejection is larger than 30 dB and the shape of the spectral response is unchanged. Because the proposed microwave phase shifter based on slow and fast light effects in an optical filtering assisted SOA can enhance the obtainable RF phase shift over several tens of GHz bandwidth, this widely tunable microwave photonic notch filter can also be applied at other microwave or millimeterwave bands. Furthermore by decreasing the time difference between two arms, the ~100% fractional tuning ability will maintain for even larger filter FSRs. ( a ) ( b ) Fig. 13 . RF spectral responses of the microwave photonic notch filter obtained by changing the injection current of the SOA, when the modulator is biased at (a) V 1 =4.5 V and (b) V 2 =8.1 V.
CONCLUSIONS
We have reviewed the basic theory of slow and fast light effects due to the CPO effects in semiconductor waveguides. For a sinusoidally intensity modulated signal with double sidebands, a semi-analytical model taking into account the propagation effects is described and shows that the induced RF phase shift is dominated by the gain/absorption dynamics and the refractive index dynamics is cancelled out by the double-sideband detection. In order to further push the controllable RF phase shift to 360º and the available bandwidth to higher frequency bands, we introduce and experimentally demonstrate several different schemes.
By integrating EAs with SOAs, the gain provided by the SOAs counteracts the fundamental loss limitation of EAs, which enables the controlled light slow-down with the possibility of simultaneous control of the amplitude. A phase shift of ~140º is achieved at 4 GHz using an integrated device with two SOAs and two EAs. This configuration has potential for further increasing the RF phase shift by concatenating more sections.
By optical filtering after propagation in an SOA, the refractive index dynamics can be exploited using the introduction of an optical filter and supply an additional enhancement on the RF phase shift. Especially when the red-shifted sideband is blocked before the detection, the absolute value of the phase shift can be greatly improved from ~15º to ~150º, and the available bandwidth is increased from a few GHz to several tens of GHz as well. Furthermore, a simple explanation based on perturbation theory explains how the refractive index dynamics is exploited by optical filtering.
By utilizing the initial chirp dependence of the RF phase shift caused by slow and fast light effects in an optical filtering assisted SOA, both ~120º phase delay and ~170º phase advance at 19 GHz are realized by a single SOA. This initial chirp effect provides a possibility to achieve ~360º phase shifts through combining these two opposite RF phase changes.
Finally, we demonstrate a widely tunable microwave photonic notch filter by employing the slow and fast light effects in an SOA as a microwave phase shifter. Close to 100% fractional turning range without changing the shape of spectral response is realized by switching between two different initial chirps before the SOA and blocking the red-shifted sideband after the SOA. These results show that slow and fast light due to CPO effects in semiconductor waveguides have good potential for applications in microwave photonics, especially phased array antennas and microwave photonic filters. However, to enable these kinds of applications more flexible and simpler, the realization of 360º tunable RF phase shifts and simultaneous control of the RF powers have to be further investigated in the future.
